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Transient IL-7/IL-7R Signaling Provides
a Mechanism for Feedback Inhibition
of Immunoglobulin Heavy Chain Gene Rearrangements
sequences, most of which are also transcriptional pro-
moters and enhancers.
A fourth form of regulation that impacts V(D)J recom-
bination is less well understood. Both IgH and TCR
loci are subject to feedback inhibition of recombination,
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a phenomenon also referred to as allelic exclusion (Berg-
man, 1999; Khor and Sleckman, 2002). That is, genera-
tion of a functionally recombined allele, which leads toSummary
expression of IgH or TCR protein, terminates recombi-
nation at the respective locus. This is best exemplifiedProduction of immunoglobulin heavy chain (IgH) pro-
in mice that express transgenic (or knocked-in) IgH ortein feeds back to terminate further VH gene recombi-
TCR chain genes; in these animals, recombination ofnation, a phenomenon also referred to as allelic exclu-
endogenous alleles is blocked at the DJ stage (Kishi etsion. Here we provide evidence to support the
al., 1991; Manz et al., 1988; Nussenzweig et al., 1987;proposition that allelic exclusion is the consequence
Weaver et al., 1985). The simplest interpretation of theseof terminating signals that activate VH genes for re-
observations is that “sensing” of IgH or TCR proteincombination. For the largest VHJ558 family of genes,
is active, rather than stochastic. Studies show that thethis occurs by attenuating IL-7/IL-7R signals in pre-B
IgH protein produced must be membrane bound to becells. Loss of these signals reverts the VH locus to a
sensed correctly (Kitamura and Rajewsky, 1992) butchromatin state that is associated with hypoacetylated
need not contain one or more N-terminal domains (Muljohistones and is less accessible to nucleases. Further-
and Schlissel, 2002). While most sensing probably oc-more, hyperacetylation and accessibility of unre-
curs in the context of preantigen receptor complexesarranged VH genes can be restored in allelically ex-
(Melchers et al., 1999), recent studies also indicate thatcluded splenic B cells by activating this pathway. Thus,
surrogate chains may not be essential for allelic exclu-transient signals mediate VH gene activation and inac-
sion (Shimizu et al., 2002).tivation during development.
Stages of B cell development in the bone marrow
have been classified according to cell surface markerIntroduction
expression (Hardy and Hayakawa, 2001). In the Hardy
nomenclature A2 cells are the earliest B lineage commit-Genes encoding the diverse repertoire of antigen recep-
ted cells in which both IgH and Ig light chain loci are intors are assembled in lymphocytes from gene segments
germline (unrearranged) configuration. IgH gene assem-that are separated by hundreds of kilobases in the ge-
bly requires two recombination events; the first bringsnome. V(D)J recombination, as this process is known,
one of 12 DH gene segments to one of the four JH geneis initiated by the lymphocyte-specific RAG1 and 2 pro-
segments (in the mouse) to create a DJH join. DH to JHteins that recognize and cleave recombination signal
rearrangements are initiated in Hardy fraction B. Thesequences that flank the gene segments (Gellert, 1997;
second recombination event brings one of several hun-Hesslein and Schatz, 2001). Double-stranded breaks
dred VH gene segments to the DJH join. VH gene recombi-made by the RAG proteins are rejoined to create recom-
nation takes place in Hardy fraction C. We have pre-bined genes by end-joining machinery that is present
viously shown that a genomic domain spanningin all cells (Fugmann et al., 2000). This process is regu-
approximately 100 kb, which includes all the DH and JHlated at multiple levels. First, antigen receptor gene as-
gene segments, is activated first in pro-B cells (Chowd-
sembly takes place only in lymphoid lineage cells. Sec-
hury and Sen, 2001). DH to JH recombination is initiatedond, B and T lineage specificity must be established so within this domain, while VH genes are still in inactivethat immunoglobulin (Ig) genes recombine only in B cells chromatin configuration (Chowdhury and Sen, 2001).
and T cell receptor (TCR) genes only in T cells. Third, These observations provide an explanation for the order
rearrangements within each lineage must be precisely of IgH locus rearrangements.
ordered. For example, Ig heavy (IgH) chain and TCR Because recombination is error prone, only a small
chain genes recombine first in B and T lineages, respec- proportion of cells that contain VDJ recombined alleles
tively, followed by Ig light chain and TCR chain genes. make IgH protein. Cells that express an IgH-containing
The accessibility model of Alt and colleagues provides pre-B cell receptor complex are selected to further dif-
a conceptual framework for understanding regulation of ferentiate to fraction D. The transition from fraction C
V(D)J recombination (Sleckman et al., 1998). Its central to fraction D is accompanied by cell proliferation and
feature is that RAG protein accessibility to the various allelic exclusion of IgH recombination. The latter pro-
antigen receptor gene segments is restricted, so that tects against a second productive VDJ rearrangement
only the appropriate gene is a substrate for recombina- on the other allele and, perhaps, prevents the loss of
tion in the appropriate lineage or at the appropriate the functional allele by VH gene replacement. Thus, when
developmental stage. Accessibility of a locus is, in turn, the bulk of light chain gene rearrangement takes place
governed by tissue- and stage-specific cis-regulatory in fraction D, IgH alleles are no longer a target of the
recombinase. Allelic exclusion appears to be mediated
largely by cessation of VH to DJH recombination. This*Correspondence: sen@brandies.edu
Figure 1. IL-7-Dependent Accessibility of VHJ558 Genes
(A) The top line is a schematic representation of the murine VH gene locus showing the approximate location of gene segments analyzed in
this paper. The lower line shows an expanded view of the VHA.1 and JH3 regions with the location of the Sau3AI restriction enzyme sites used
in the ligation mediated-PCR (LM-PCR) accessibility assays. First strand synthesis utilized primer 1, PCR amplification was carried out with
primer 2, and radioactive labeling with primer 3.
(B) CD19 pro-B bone marrow cells from RAG2/ mice were cultured for 4 days with (right panel) or without IL-7 (20 ng/ml, left panel). These
cells were stained simultaneously either with FITC-anti-CD43 and PE-anti-CD19 (upper panel) or with FITC-anti-CD25 and PE-anti-HSA (lower
panel) and then analyzed on a Becton Dickinson FACS Calibur.
(C) Nuclei from these cells were treated with 0 U (lanes 1 and 4), 2 U (lanes 2 and 5) or 10 U (lanes 3 and 6) of Sau3AI. The extent of cleavage
was estimated by LM-PCR using primers specific for the VHA.1 gene segment (left panel) and JH3 (right panel). To control for quality and
quantity of linker ligated DNA, a fragment within the C region was amplified in the same PCR reaction. C amplification was independently
tested to be in the linear range. Representative data from one of three experiments using three preparations of bone marrow cells are shown.
(D) The results in (C) were quantified by phosphorimager analysis, and the intensity of the VHA.1 (IVHA.1) and JH3 (IJH3) bands were normalized
to their respective C (IC) signal. The y axis of the graph represents the relative intensity of VHA.1 and JH3 signals compared to the corresponding
C signal (IVHA.1/IC or IJH3/IC ) expressed as a percentage.
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was first surmised from the DJH rearrangement state ase chain reaction (LM-PCR) (Garrity and Wold, 1992;
Weinmann et al., 1999). The primer sets were designedof endogeneous alleles in IgH transgenic mice and is
supported by the lack of double-strand DNA breaks in to assay cleavage at unrearranged VHA.1 gene seg-
ments, a 5 family member of the J558 family, and atthe 5 RSS of DH gene segments in pre-B cells (Chang
et al., 1999; Constantinescu and Schlissel, 1997). How- unrearranged JH3 gene segments (Figure 1A). To control
for the amount and quality of each DNA sample, linker-ever DH 3RSS breaks were evident in pre-B cells (Chang
et al., 1999), indicating that the DH/JH end of the IgH ligated DNA was amplified in the same PCR reaction
with primers within the C constant region.locus rearranges in these cells. Thus, allelic exclusion
involves selective loss of recombination potential of one IL-7 treatment enhanced Sau3AI cleavage at VHA.1
(Figure 1C, compare lanes 1–3 to 4–6) but not at JH3.end of the IgH locus.
Consistent with the accessibility model of VDJ recom- Quantitation of bands as described in the Experimental
Procedures section indicated that there was a 3- tobination, Stanhope-Baker et al. showed that RAG cleav-
age at VH and DH gene segments was reduced in CD19 4-fold increase in accessibility of VHA.1 in response to
IL-7 (Figure 1D, left panel). The JH gene segments, whosebone marrow cells from -transgenic mice (Stanhope-
Baker et al., 1996). More recently, Goodhardt and col- level of acetylation does not change with IL-7 treatment,
remained comparably accessible in the presence or ab-leagues have shown that a VHJ558 gene has reduced
nuclease sensitivity in a pre-B cell line compared to a sence of IL-7 (Figures 1C and 1D, right panels). To corre-
late further between accessibility and acetylation, wepro-B cell line, also suggesting that VH allelic exclusion
is mediated at the level of gene accessibility (Maes et al., quantitated the extent of histone acetylation by real-
time polymerase chain reaction. VHA.1 sequences were2001). Finally, in the TCR locus an extensive analysis of
multiple V genes by Tripathi et al. showed that the level enriched approximately 6-fold in antiacetylated histone
immunoprecipitates from IL-7-treated cells comparedof histone acetylation of allelically excluded genes was
lower than that of recombinationally active genes (Tri- to untreated cells (see Supplemental Figure S1 at http://
www.immunity.com/cgi/content/full/18/2/229/DC1).pathi et al., 2002). Thus, reduced accessibility and his-
tone acetylation characterize the allelically excluded We further ascertained that IL-7 treatment did not induce
pro-B cell differentiation by analysis of key cell surfacestate. However, the mechanism by which protein IgH or
TCR expression feeds back to inhibit VH to DJH (or markers (Figure 1B). We conclude that increased acces-
sibility of VHA.1 paralleled inducible hyperacetylation ofV to D) recombination remains unknown. Proceeding
from our earlier studies on the activation of the IgH the VHJ558 gene family. Thus, the state of acetylation
correlates well with endonuclease accessibility of theselocus, we present a model for feedback inhibition of IgH
gene recombination. regions.
Our model is based on the observation that the IgH
locus is activated in discrete, independently regulated VH Accessibility in Bone Marrow Pro-B and Pre-B Cells
domains (Chowdhury and Sen, 2001). It follows that each Feedback inhibition of IgH rearrangements occurs at
domain can, in principle, be independently inactivated the level of VH to DJH recombination. Reduced RAG
if required. The VH locus contains at least three differen- cleavage of VH genes in bone marrow of IgH transgenic
tially regulated domains. The largest of these contains mice and analysis of pro- and pre-B cell lines indicate
the VHJ558 gene family, comprising approximately two- that restricted VH accessibility may play a role in allelic
thirds of all VH genes, at the 5 end of the locus. This exclusion. Based on the correlation between VH gene
family spans approximately 1 megabase (Chevillard et acetylation and accessibility (Figure 1), we reasoned
al., 2002) and can be activated (as measured by histone that decreased acetylation of VH genes may restrict VH
acetylation) by interleukin 7 (IL-7) (Chowdhury and Sen, accessibility in pre-B cells. Furthermore, these changes
2001). Correspondingly, recombination of VHJ558 genes in histone modifications should occur during the pro-B
is significantly reduced in pro-B cells from IL-7R-defi- to pre-B cell transition.
cient mice (Corcoran et al., 1998). In this paper, we test To address this, we purified Hardy fraction B/C (pro-B)
the proposition that allelic exclusion of the J558 genes and fraction D (pre-B) cells from the bone marrow of
may result from loss of activation signals, which reverts BALB/c mice (Figures 2A and 2B). B/C fraction cells
the locus to a less accessible chromatin configuration. actively recombine VH genes, while D fraction cells
have been selected for successful IgH protein expres-
sion and are allelically excluded for IgH recombinationResults
(Ehlich et al., 1994). Total bone marrow depleted of my-
eloid, erythroid, T cells, and immature/mature B cellsNuclease Accessibility of VH Genes
in Response to IL-7 were sorted for B220HSACD43(B/C fraction) and
B220HSACD43 (D fraction) cells.We have previously shown that IL-7 induces histone
hyperacetylation of the VHJ558 gene family. To deter- We used antiacetylated histone H3 antibody and ana-
lyzed the coprecipitated DNA by real-time PCR. Themine whether hyperacetylation reflected differential
VHJ558 accessibility, we used a restriction enzyme ac- largest and most 5 VH family, J558, was represented by
two genes: VHA.1, which is considered to be one of thecessibility assay. CD19 bone marrow cells from RAG2-
deficient mice were cultured in vitro in the presence, or 5-most VH genes, and VHJ558.47, which is one of the
most 3. DH/C- proximal (3) VH genes were representedabsence, of IL-7. After 4 days in culture, viable cells
were recovered, and isolated nuclei were treated with by VH81X, and the middle of the VH cluster was repre-
sented by VH10.1A (Haines and Brodeur, 1998; Mainvilleincreasing concentrations of Sau3AI. The extent of
cleavage was estimated by ligation-mediated polymer- et al., 1996) (Figure 1A, upper panel). The intronic IgH
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enhancer, E, and the -globin gene served as positive combination. A characteristic feature of IgH recombina-
tion is that DH to JH recombination occurs frequently inand negative controls, respectively. VH genes across the
locus were associated with hyperacetylated histones in CD4CD8(DP) thymocytes (Born et al., 1988), but VH
to DJH recombination does not. Thus, the state of theB/C fraction cells as previously seen (Figure 2C, white
bars). However, acetylation levels in D fraction cells were IgH locus in DP thymocytes mimics that in pre-B cells,
insofar as DH to JH recombination is permitted but VH tosignificantly reduced (Figure 2C, stippled bars). The ex-
tent of acetylation at the E was comparable, and DJH recombination is not. We examined the acetylation
state of the “excluded” VH genes in thymocytes.-globin sequences were unacetylated, in both cell pop-
ulations. The extent of histone acetylation of VH genes in thymo-
cytes coincided closely with that seen in pre-B cellsTo see whether the observed hyperacetylation changes
reflected differences in VH accessibility, we carried out (Figure 2C, dark bars). This was especially the case with
the IL-7-responsive J558 family members and less so forrestriction enzyme accessibility assays using purified
pro- and pre-B cells. Due to the limited number of puri- the DH-proximal VH81X gene. Enrichment of  enhancer
containing sequences in the immunoprecipitates wasfied cells available, we restricted this analysis to a single
enzyme dose and one VH gene segment. As before, we reduced approximately 2-fold compared to pro- or pre-B
cells presumably because only a fraction of these cellsalso assayed accessibility of the JH region whose ace-
tylation state is the same in pro-B and pre-B cells. Endo- have turned on the enhancer (and undergone DH to JH
recombination). This may, in part, also explain the re-nuclease cleavage at the VHA.1 gene segment was sig-
nificantly reduced in pre-B cells compared to pro-B cells duced acetylation of VH81X genes which we have pre-
viously proposed to require DJH recombination to be(Figure 2D, left panel, quantitated in Figure 2E). We con-
sidered the possibility that germline VHA.1 sequence activated. Finally, all VH genes examined were insignifi-
cantly immunoprecipitated with antiacetylated histonemay be underrepresented in fraction D cells due to re-
arrangement. PCR analysis, using primers that amplify antibodies from chromatin prepared from NIH3T3 non-
lymphoid cells (data not shown) (Hesslein et al., 2003).only germline VHA.1 sequence, showed that the gene
segment was present at comparable levels in genomic The availability of large numbers of thymocytes also
allowed more systematic analysis of restriction enzymeDNA from B/C and D fraction cells (Figure 2D, lowest
panel). Accessibility to JH3 was comparable in pro-B accessibility to the IgH locus. Thymocyte nuclei were
treated with increasing concentrations of Sau3AI fol-and pre-B cells (Figure 2D, right panel, and quantitated
in Figure 2E). Both assays showed a consistent pattern lowed by LM-PCR analysis. At two of three Sau3AI con-
centrations JH sequences cut 2–2.5 more efficientlyof relatively inaccessible, hypoacetylated VH genes in
allelically excluded pre-B cells. than VHA.1 sequences (Figure 2G), a pattern comparable
to that seen in pre-B cells (D fraction, Figure 2E) andThe modest differences in histone acetylation and en-
donuclease accessibility between pro- and pre-B cells untreated RAG pro-B cells (Figure 1). At the highest
Sau3AI concentration, the difference was less pro-prompted us to further explore the relationship between
the level of VH gene acetylation, accessibility, and re- nounced, possibly because all thymocytes had not acti-
Figure 2. VH Activation and Accessibility in Bone Marrow Pro-B and Pre-B Cells
(A) Hardy classification of early B cell development listing some of the cell surface markers used to distinguish the different cell populations
(Hardy et al., 1991). In the IgH locus, DJH recombination is seen in fraction B cells, and VDJ recombination is seen in fraction C cells. Light
chain recombination occurs in D fraction cells.
(B) B/C fraction pro-B cells and D fraction pre-B cells were purified from bone marrow of 6- to 8-week BALB/c mice by magnetic depletion
of erythroid, myeloid, T cells, and IgM B cells, followed by sorting for the B220CD43HSA cells for the pro-B and B220CD43HSA cells
for the pre-B fraction, respectively. The middle panel shows the composition of the cell preparation after magnetic depletion and indicates
the gates used to purify pro- and pre-B cells. The left and right panels show the purified populations used for chromatin immunoprecipitation
and accessibility studies.
(C) Chromatin immunoprecipitation assays were carried out using purified pro-B (blank bars), pre-B cells (stippled bars), and thymocytes
(black bars). Formaldehyde crosslinked chromatin prepared from cells as described in the Experimental Procedures was incubated with anti-
acetylated histone H3 antibody (-AcH3). Antibody-bound DNA was collected by adsorption to protein A-agarose, decrosslinked, and purified.
The input DNA, which is DNA purified from chromatin prior to immunoprecipitation, and immunoprecipitated DNA were quantitated using
picogreen fluorescence, and real-time PCR using SYBR Green Universal Mix was carried out with 0.5 ng of each DNA sample. Real-time PCR
gives a value corresponding to the amount of target sequence in each DNA sample and allowed us to calculate (as described in the Experimental
Procedures) the relative increase in target sequence in the immunoprecipitated DNA over the input DNA. The y axis indicates the relative
enrichment of target genes as fold difference between the input fraction and the immunoprecipitated fraction, and the x axis indicates the
different gene segments analyzed. The locations of these VH gene segments are shown in Figure 1A. The  enhancer region (E) was used
as a positive control and the -globin gene as a negative control. The results shown are an average of two experiments done in duplicate
from two independently sorted cell populations with error bars representing the standard deviation.
(D and E) Nuclei from the pro-B cells and pre-B cells were treated with 0 U (lanes 2 and 4) or 10 U (lanes 1 and 3) of Sau3AI, and the extent
of cleavage was estimated by LM-PCR using the primers shown in Figure 1A. Phosphorimager quantitation was done as described in the
legend of Figure 1D. Genomic DNA made from pro-B cells and pre-B cells were quantitated using picogreen fluorescence. Radioactive PCR
was done using 0 (lane 1), 0.04 ng (lane 2), 0.4 ng (lane 3), and 4 ng (lane 4) of DNA, and the products were visualized after fractionation
through 6% polyacrylamide gel (lowest panel in [D]). Representative data from one of two experiments using two independently sorted bone
marrow cell preparations are shown.
(F and G) Nuclei from thymocytes were treated with 0 U (lane 1), 0.4 U (lane 2), 2 U (lane 3), and 10 U (lane 4) of Sau3AI, and the extent of
cleavage was estimated by LM-PCR using the primers shown in Figure 1A. Representative data (F) from one of two experiments using two
independently prepared thymocyte populations is shown. Phosphorimager quantitation was done as described in the legend of Figure 1D
and represents the average of two independent experiments (G).
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(pro-myelocytic leukemia) cells stimulated with interleu-
kin-3 (IL-3) served as a positive control in these studies
(Figure 3, lanes 3 and 4). Similar results were seen with
three independent preparations of sorted B/C and D
fraction cells (see Supplemental Figure S2 at http://
www.immunity.com/cgi/content/full/18/2/229/DC1).
Because IL-7/IL-7R interactions are the most likely can-
didate for inducing Stat5 phosphorylation, we infer that
IL-7R-mediated signals are reduced in pre-B cells. We
propose that loss of activating signals provided by IL-7/
IL-7R interactions may lead to hypoacetylation and al-
lelic exclusion of these genes.
Reduced Histone Acetylation at the VH Locus
in a Clonal Population
Our interpretation of the acetylation analysis in B/C ver-
sus D fraction cells is that deacetylation of J558 VH genes
accompanies the pro-B to pre-B transition, thereby
leading to allelic exclusion in pre-B cells. Reduced V
gene segment acetylation in DP thymocytes suggested
a similar mechanism for TCR allelic exclusion (Tripathi
et al., 2002). However, the data presented in both cases
makes it difficult to rule out the possibility that excludedFigure 3. IL-7R-Mediated Signaling in Bone Marrow Pro-B and
cells represent a selected population of cells with lowPre-B Cells
initial VH or V acetylation. That is, a small percentage(A) Whole-cell lysates from 0.5  106 pro-B cells (lane 1) and pre-B
cells (lane 2) purified as described in Figure 2 legend were fraction- of pro-B cells had low VH gene histone acetylation levels
ated through a 10% SDS-polyacrylamide gel, transferred to nitrocel- to begin with, and these cells selectively differentiated
lulose membranes, and probed with anti-phospho Stat5 antibody and proliferated to make up the pre-B cell fraction that
(top panel). The blot was then stripped and reprobed with anti-Stat5 we assayed. In this scenario, pro-B cells with high levels
antibody to determine total Stat5 levels (lower panel). 32D cells
of histone acetylation at the VH locus may not be thestarved of IL-3 for 12 hr served as a negative control (lane 3), and
direct precursors of pre-B cells with low levels of VHthese cells restimulated with IL-3 for 30 min were used as a positive
histone acetylation. To strengthen the case for develop-control (lane 4). Representative data from one of three experiments
using three independently sorted bone marrow cells is shown. mentally regulated deacetylation of VH genes, we used
(B) The phospho-Stat5 and Stat-5 bands were quantitated by scan- the temperature-sensitive Abelson virus-transformed
ning multiple exposures of the Western blot on X-ray film using pre-B cell line, 103-(4) (Chen et al., 1994). We previously
Epson Expression 1600 Scanner. Relative intensity (indicated on
showed that VHJ558 family genes are hyperacetylatedthe y axis) is the ratio of the intensity of phospho-Stat5 band over
in Abelson-transformed cell lines (Chowdhury and Sen,the intensity of the corresponding total Stat5 band. The results
2001) and attributed it to v-abl mimicing aspects of IL-shown are an average of three independent experiments using inde-
pendently sorted cell populations with the error bars representing 7R signaling (Banerjee and Rothman, 1998). In the tem-
the standard deviation. perature-sensitive cell line, v-abl is inactivated at the
restrictive temperature which allowed us to probe the
state of VHJ558 genes in the presence or absence of thevated the JH/C part of the locus. Taken together, the
activating signal. Accordingly, we carried out chromatinthymocyte data strengthens the interpretation that re-
immunoprecipitation assays with these cells incubatedduced levels of VH acetylation in allelically excluded
at permissive and restrictive temperatures for 12 andpre-B cells is sufficient to preclude recombination.
24 hr.
As expected, three representative J558 family mem-Downregulation of IL-7R Signaling
bers were associated with acetylated histone H3 at theThe results presented above are consistent with a model
permissive temperature with enrichment in immunopre-where hypoacetylation of VH genes during the pro-B to
cipitation ranging between 4- to 6-fold compared topre-B cell transition, and accompanying reduction in
input DNA (Figure 4B, bars markedIL-7). Upon incuba-accessibility, may exclude these genes from further re-
tion at restricted temperature (39C, R), reduced VHA.1combination. Because VHJ558 family genes are acti-
acetylation was evident after 12 hr but decreased furthervated by IL-7 (Chowdhury and Sen, 2001), a simple
at 24 hr; significant deacetylation of VAR34 and J558.47mechanism by which they could be inactivated is by
was observed only at 24 hr. In contrast, the acetylationloss of the activating IL-7 signal. We therefore compared
level at the  enhancer was not affected by the tempera-the state of IL-7R-initiated signals in vivo in pro-B versus
ture shift. We note that selection of a small proportionpre-B cells.
of hypoacetylated cells is unlikely in this experimentWhole-cell lysates of purified B/C fraction (pro-B) and
because cell numbers and cell viability did not changeD fraction (pre-B) cells were analyzed by immunoblotting
significantly after shifting to the nonpermissive tempera-with anti-phosphorylated Stat5 antibody, followed by
ture. We conclude that continuous activation is requirednormalizing the signal to total Stat5. Phospho-Stat5 pro-
to maintain the high level acetylation of histones associ-tein was considerably higher in pro-B cells compared
ated with distal VH genes; upon loss of the activatingto pre-B cells, while there was negligible difference in
total Stat5 protein levels (Figure 3, lanes 1 and 2). 32D signal, these histones get selectively deacetylated.
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Figure 4. Deacetylation of VH J558 Genes
(A) Schematic representation of the murine VH locus showing the approximate location of three representative gene segments from the VHJ558
gene locus analyzed in this study.
(B) The temperature-sensitive Abelson virus-transformed pre-B cell line, 103-(4) (Chen et al., 1994) was incubated at 34C (permissive, P) or
at 39C (restrictive, R) for 12 or 24 hr, respectively, in the presence or absence of IL-7 (0.2 ng/ml) as indicated. Chromatin immunoprecipitation
and real-time PCR analysis were done as described in the legend to Figure 2, using VH primers shown in (A). The  enhancer region (E)
served as a positive control and -globin gene as a negative control. The results shown are the average of three independent temperature
shift experiments.
(C and D) Nuclei from the 103-(4) cells incubated at permissive or restricted temperature for 24 hr in the presence or absence of IL-7 as
indicated, were treated with 0 (lane 1), 2 U (lane 2), and 10 U (lane 3) of Sau3AI, and the extent of cleavage was estimated by LM-PCR using
the VHA.1 primers shown in Figure 1A. The JH3 gene could not be analyzed because it has been deleted by recombination. Representative
data, after normalization to C sequences, from one of three independent experiments is shown (D). Phosphorimager quantitation was done
as described in the legend to Figure 1D and is the average of three independent experiments.
Figure 5. Reactivation of the Allelically Excluded VH Gene Segments
(A) Splenic B cells from anti-HEL transgenic mice (stippled and blank bars) and wild-type littermates (hatched and filled bars) were cultured
for 3 days with anti-CD40 antibody (10 g/ml) in the presence or absence of IL-7 (20 ng/ml) and IL-4 (800 U/ml) (Schrader et al., 1999).
Chromatin immunoprecipitation and real-time PCR analysis were done as described in the Figure 2 legend, using the same VH primers. The
 enhancer region (E) served as a positive control and -globin gene as a negative control (data not shown). VH10 and VH81X gene sequences
could not be amplified from B cell DNA from wild-type littermates presumably reflecting their deletion by 5 VH gene rearrangements. The
results shown are an average of three independent experiments done in duplicate with the error bars representing the standard deviation.
(B and C) Nuclei from splenic B cells from anti-HEL transgenic mice (B) or normal littermates (C) were treated with 0 (lanes 1 and 4), 3 U
(lanes 2 and 5), or 12 U (lanes 3 and 6) of Sau3AI, and the extent of cleavage was estimated by LM-PCR using the primers shown in Figure
1A. Phosphorimager quantitation was done as described in the legend to Figure 1D. Representative data, after normalization to C sequences,
from one of three experiments using three preparations of splenic cells is shown.
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To further evaluate the connection of v-abl to IL-7R ure 5B) or normal mice (Figure 5C). As before, nuclease
accessibility of the VH gene segment was compared tosignaling, we tested whether IL-7 could maintain VHJ558
gene hyperacetylation. For this, 103-(4) cells were that of a site close to JH3 and normalized to the signal
from C. The absolute signal intensity for cleavage atshifted to restricted temperature in the presence of ex-
ogenously added IL-7. Deacetylation of the VHJ558 VHA.1 was considerably lower in wild-type mice, pre-
sumably reflecting rearrangement of these genes in agenes was significantly reduced in the presence of IL-7,
while acetylation at the  enhancer locus was not subset of mature B cells. Note that signals from JH3
were comparable from both sets of B cells. These obser-changed (Figure 4B, bars marked IL-7). We conclude
that VHJ558 locus-specific changes seen in these cells vations suggest that allelically excluded genes of the VH
J558 locus can be reactivated by IL-7 in mature B cells.at the restricted temperature reflect downstream effects
of v-abl that mimic IL-7/IL-7R signaling. These observa-
tions strengthen the idea that reduced acetylation of Discussion
VHJ558 genes in the course of normal pro-B to pre-B
cell transition is due to deacetylation of the locus as a Identification of IL-7 as a cytokine that activated VHJ558
consequence of decreased IL-7R signaling. gene accessibility in pro-B cells led us to consider the
To see whether these acetylation changes also re- possibility that loss of IL-7 signals may downmodulate
flected differences in VH accessibility, we carried out VH gene chromatin structure and accessibility, resulting
restriction enzyme accessibility assays. We found a 2- in allelic exclusion. If this were true, then: (1) reduction
to 3-fold decrease in restriction enzyme accessibility of of IL-7 signaling and chromatin structural changes of
the VHA.1 gene segment after 24 hr at the restricted the VH genes should accompany the onset of allelic ex-
temperature (Figure 4C, left panels; quantitated in Figure clusion as pro-B cells differentiate to pre-B cells, (2)
4D, bars marked IL-7). This decrease did not occur chromatin structural changes of VH genes in response
when the cells were incubated in IL-7 at permissive or to IL-7 should be reversible, and (3) allelically excluded
restrictive temperatures (Figure 4C, right panels; quanti- VH genes should be reactivatable by IL-7 signal. All three
tated in Figure 4D, bars marked IL-7) We could not predictions were supported by experiment. We found a
study accessibility in the JH3 gene segment in these 2- to 3-fold reduction in VH gene sequences associated
cells since it was deleted presumably in the course of with acetylated histone H3 in pre-B (Hardy fraction D)
DH to JH rearrangement. We conclude that decreased cells compared to pro-B (Hardy fraction B/C) cells, with
accessibility parallels reduced acetylation of the VHA.1 a concomitant reduction in accessibility of the VHA.1
gene segment in this clonal cell population. gene to restriction enzymes. Reduced phospho-Stat5
levels in pre-B cells further indicated that IL-7 signaling
was decreased in these cells compared to pro-B cells.Reactivation of the VH Locus
We tested whether the excluded state could be reversed Using a temperature-sensitive v-abl transformed cell
line, we showed that maintenance of high level histoneby IL-7 in mature splenic B cells from normal and HEL
transgenic mice (Adelstein et al., 1991). We could ana- acetylation at J558 genes required continued signaling
by either v-abl or exogeneous IL-7, indicating that hyper-lyze the whole VH locus in HEL trangenic mice, whereas
in wild-type littermates we could only study the distal acetylation of this locus was indeed reversible. Finally,
we could reactivate accessibility and acetylation of J558VH genes because the proximal genes had been signifi-
cantly depleted by upstream gene recombination. Puri- genes in allelically excluded mature B cells. We propose
that allelic exclusion is the consequence of losing sig-fied splenic B cells cultured for 3 days with anti-CD40
antibodies in the absence or presence of IL-7 to induce nals that activate VH gene recombination; for the largest
proportion of VH genes comprising the J558 family, thislow levels of IL-7R (Hikida et al., 1998; Magari et al.,
2002; data not shown) were used for chromatin immuno- signal is IL-7.
How does production of  heavy chain protein initiateprecipitation and restriction nuclease accessibility assays.
In the absence of anti-CD40 antibody cell viability in vitro the loss of IL-7 signals and thus bring about allelic exclu-
sion? The implication that  protein feeds back to down-was significantly reduced (Ravi et al., 2001), precluding
analysis of cells treated with IL-7 alone. regulate IL-7 signals appears counterintuitive in light
of recent observations that pre-BCR-dependent MAPIn response to IL-7, histone acetylation of distal VH
genes was significantly enhanced in cells from normal kinase activation enhances cell sensitivity to IL-7, lead-
ing to proliferation (Fleming and Paige, 2001). We sug-or HEL transgenic mice (Figure 5A). No changes were
seen in cells activated with CD40 in the absence of gest that inactivation of IL-7-dependent genes does not
occur during the time that the cells are sensitized andIL-7 or cells treated with CD40 plus IL-4, compared to
untreated splenic B cells (data not shown). Analysis of proliferating in response to IL-7. Indeed, the V(D)J re-
combinase is inactive during this phase due to post-two IL-7-independent VH genes in HEL B cells showed
that acetylation levels of these genes were not altered translational regulation of RAG2 expression (Lee and
Desiderio, 1999). Allelic exclusion needs to be manifest(Figure 5A, last two bars). Similarly, acetylation levels at
the  intronic enhancer were comparable in the pres- only when the cells exit S phase, accumulate RAG pro-
teins, and activate Ig light chain gene recombination.ence or absence of IL-7 (data not shown). We conclude
that distal VH genes are selectively hyperacetylated in We envisage two mutually nonexclusive mechanisms
by which IL-7 signals may be terminated before recom-mature B cells treated with IL-7.
Increased acetylation of VHJ558 genes correlated with bination reinitiates.
First, signals from surface Ig have been shown toincreased accessibility of the VHA.1 gene segment to
Sau3AI in IL-7-treated B cells from HEL transgenic (Fig- desensitize the IL-7R in a pre-B cell line (Smart and
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Venkitaraman, 2000). Given the significant parallels be- As deacetylation proceeds, the locus may become in-
tween pre-BCR and BCR signals, it is possible that the creasingly less accessible not only to the RAG proteins
pre-BCR may also desensitize IL-7R signaling (Melchers but also to the deacetylases themselves. Thus, the de-
et al., 1999). In this scenario, production of the pre-BCR acetylases may not be able to complete the job for
first sensitizes pro-B cells to proliferate in response to precisely the same reason that the locus becomes alleli-
IL-7 by activating MAP kinases. However, MAP kinase cally excluded for recombination.
activation is usually transient, and once the effect of A final point to consider is how non-IL-7-responsive
this pathway is reduced, pre-BCR-mediated desensiti- VH genes are allelically excluded. This would apply to
zation of IL-7R may dominate and therefore attenuate C-proximal VH gene families such as the 7183 and Q52,
IL-7 signaling. In this way transient activation of IL-7R whose regulation is considerably different from that of
would not only limit pro-B cell proliferation but also lead the 5 VH genes. They are frequently expressed in the
to VHJ558 gene inactivation. Alternatively, IL-7 signaling fetal repertoire (Jeong and Teale, 1989; Malynn et al.,
in pre-B cells may be low simply because IL-7R levels 1990), associate poorly with surrogate light chains (Mar-
decrease markedly on pre-B cells compared to pro-B shall et al., 1996), recombine early in the adult bone
cells (Marshall et al., 1998; Wei et al., 2000). Competition marrow (ten Boekel et al., 1997) presumably to be
for limiting amounts of IL-7 in the bone marrow may swamped out by later rearranging, but more efficient
therefore make these cells functionally nonresponsive pre-BCR forming, upstream VH genes. Extrapolating our
to this cytokine. Consequently, VHJ558 gene accessibil- model for the 5 VH genes, the simplest possibility is that
ity is reduced while Ig light chain recombination occurs. the 3 genes are also excluded by termination of signals
Implicit in both models is the assumption that continued that turned them on. However, unlike the upstream
signals are required to maintain J558 genes in a genes, it is difficult to directly test this because we do
hyperacetylated and accessible state. Studies with the not know what these signals are.
v-ablts cell line support the validity of this assumption. An alternative interesting possibility is that these
Our experiments do not directly illuminate the mecha- genes may be inherently less susceptible to feedback
nism by which VH genes get deacetylated in the absence inhibition compared to the J558 family. Several lines of
of IL-7 signals. It is noteworthy, however, that these evidence support this conjecture. The most compelling
genes are located close to the telomere in both humans is an analysis of endogenous V(D)J recombination in a
and mice (Cook et al., 1994; de Meeus et al., 1992; human IgH chain transgenic mouse. In spleen cells
Erikson et al., 1986; Meo et al., 1980), raising the possibil- VHJ558 recombination was drastically reduced, while
ity that IL-7-initiated activating signals may counteract proximal VH7183 and Q52 gene recombination was re-
telomeric silencing. One possibility therefore is that duced very little (Costa et al., 1992). These results were
when the activating signal is lost, telomeric silencing is interpreted to indicate that feedback inhibition applied
reestablished over the locus. If “spreading” of telomeric most stringently to the distal genes. Furthermore, in
silencing is involved, it should affect the distal J558 double-producing cell lines from M54 transgenic mice,
genes first followed by family members closer to DH/C. endogenous IgH recombined alleles carried a high pro-
Interestingly, this pattern was observed after switching portion of proximal VH genes (Iacomini et al., 1991). Fi-
v-ablts cells to the restrictive temperature (Figure 3). The nally, in double-producing B cells from normal mice Cu-
degree of acetylation of the 5-most VHA.1 was de- mano and colleagues found that most cells contained
tectably lower within 12 hr, whereas histone acetylation one distal and one proximal VH gene rearrangement (only
of the intermediate VAR34 genes and 3 J558.47 gene one out of 13 double-producing cells had two re-
was not significantly altered until 24 hr at the restrictive arrangements involving J558 genes) (Barreto and Cu-
temperature. While Abelson virus-transformed cells are mano, 2000). Again, it is possible that proximal VH genenot true mimics of pro-B cell differentiation and thus recombination occurred after a functionally rearranged
these interpretations must be viewed with caution, our
J558 gene suppressed further recombination of its own
observations nevertheless suggest that deacetylation
family members. While not conclusive, these observa-
proceeds from the 5 (telomere-proximal) end of the
tions merit consideration of a model where feedbacklocus toward the 3 VH genes. It is also interesting that inhibition of V(D)J recombination most effectively sup-the gradient of VH gene recombination noted in IL-7R/ presses the IL-7-responsive VHJ558 gene family.mice (Corcoran et al., 1998) is reminiscent of variegated
expression near heterochromatin.
Experimental ProceduresIn both examples of allelically excluded cells that we
analyzed, as well in v-ablts cells grown at the restrictive
Cell Purification and Culturetemperature, we invariably found residual acetylation of
CD19 bone marrow cells were purified from RAG2/ mice and
the J558 locus. Similarly reduced but detectable levels cultured with IL-7 as described previously (Chowdhury and Sen,
of acetylation were also seen in allelically excluded V 2001). These cells were stained simultaneously either with FITC-
gene segments (Tripathi et al., 2002). One possibility is anti-CD43 and PE-anti-CD19 or with FITC-anti-CD25 and PE-anti-
that this reflects heterogeneity in the cell populations HSA (Pharmingen, San Diego, CA) and then analyzed on a Becton
Dickinson FACS Calibur.being analyzed with the locus completely deacetylated
Bone marrow cells from 12–14 six-week-old wild-type (BALB/c)in a fraction of the cells. The alternate possibility, and
mice were enriched for pro-B cells as previously descibed (Chowd-one which we favor, is that partial deacetylation is suffi-
hury and Sen, 2001). These cells were sorted in a MoFlo cellsorter
cient to maintain allelic exclusion by preventing RAG for CD43B220HSA cells (pro-B) and CD43B220HSA (pre-B).
access to the genes. Reduced restriction endonuclease Approximately 1.2  106 pro-B cells and 1.5  107 pre-B cells were
accessibility that accompanies partial deacetylation of recovered with approximately 90% purity.
Splenic B cells were purified from 6- to 8-week-old anti-HEL trans-the VHA.1 gene in v-ablts cells supports this conjecture.
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genic mice (Adelstein et al., 1991) and their wild-type littermates of IL-3 for 12 hr and lysed, and a portion of the starved cells were
restimulated for 30 min and then lysed. The cell lysates were sepa-using anti-mouse CD19 antibody coated paramagnetic microbeads
(Miltenyi Biotech) as described before (Chowdhury and Sen, 2001). rated by 10% SDS-polyacrylamide gel electrophoresis (PAGE) for
Western blot analysis. Western blot was done as described pre-The cells were cultured in RPMI medium (GIBCO) with standard
supplements (10% FCS, 5  105 M 2-ME, 100 U/ml penicillin, and viously (Tam et al., 2000) with anti-phospho Stat5 antibody (Upstate
Biotechnology, Lake Placid, NY) at a dilution of 1:1000. The blot100 U/ml streptomycin) with various cytokines as described in the
legend to Figure 5. Thymocytes were made as single-cell suspen- was incubated with stripping buffer (100 mM -mercaptoethanol,
2% SDS, 62.5 mM Tris-Cl [pH 6.7]) at 50C for 1 hr and reprobedsions from the thymus of 6-week-old wild-type (BALB/c) mice.
The pro-myeloid cell line 32D was cultured in RPMI medium overnight at 4C with anti-Stat5 antibody (BD Transduction Lab.,
San Diego, CA) at a dilution of 1:1000, followed by detection as(GIBCO) with standard supplements and 5% IL-3 containing super-
natant from WEHI3 cells. described above.
The temperature-sensitive pre-B cell line103-(4) was cultured at
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